Autophagy is a process by which cytoplasmic organelles can be catabolized, either to remove defective structures or as a means of providing macromolecules for energy generation under conditions of nutrient starvation. In this study, we demonstrate: that mitochondrial autophagy is induced by hypoxia; that this process requires the HIF-1-inducible expression of BNIP3 and the constitutive expression of Beclin-1 and Atg5; and that in cells subjected to prolonged hypoxia, mitochondrial autophagy is an adaptive metabolic response, which is necessary to prevent increased levels of reactive oxygen species and cell death.
Autophagy is a process by which cytoplasmic organelles can be catabolized, either to remove defective structures or as a means of providing macromolecules for energy generation under conditions of nutrient starvation. In this study, we demonstrate: that mitochondrial autophagy is induced by hypoxia; that this process requires the HIF-1-inducible expression of BNIP3 and the constitutive expression of Beclin-1 and Atg5; and that in cells subjected to prolonged hypoxia, mitochondrial autophagy is an adaptive metabolic response, which is necessary to prevent increased levels of reactive oxygen species and cell death.
The survival of metazoan organisms is dependent upon their ability to efficiently generate energy through the process of mitochondrial oxidative phosphorylation, in which reducing equivalents, derived from the oxidation of acetyl CoA in the tricarboxylic acid cycle, are transferred from NADH and FADH 2 to the electron transport chain and ultimately to O 2 , a process which produces an electrochemical gradient that is used to synthesize ATP (1) . Although oxidative phosphorylation is more efficient than glycolysis in generating ATP, it carries the inherent risk of generating reactive oxygen species (ROS) as a result of electrons prematurely reacting with O 2 at respiratory complex I or complex III. Transient, low-level ROS production is utilized for signal transduction in metazoan cells, but prolonged elevations of ROS result in the oxidation of protein, lipid, and nucleic acid leading to cell dysfunction or death. O 2 delivery and utilization must therefore be precisely regulated in order to maintain energy and redox homeostasis.
Hypoxia-inducible factor 1 (HIF-1) plays a key role in the regulation of oxygen homeostasis (2, 3) . HIF-1 is a heterodimer composed of a constitutively expressed HIF-1β subunit and an O 2 -regulated HIF-1α subunit (4) . Under aerobic conditions, HIF-1α is hydroxylated on proline residue 402 and/or 564 by PHD2, a dioxygenase that utilizes O 2 and α-ketoglutarate as cosubstrates, with ascorbate as co-factor, in a reaction that generates succinate and CO 2 as side products (5) (6) (7) (8) . Under hypoxic conditions, the rate of hydroxylation declines, either as a result of inadequate substrate (O 2 ) or as a result of hypoxiainduced mitochondrial ROS production, which may oxidize Fe(II) in the catalytic center of the hydroxylase (9, 10) . Hydroxylated HIF-1α is bound by the von Hippel-Lindau protein (VHL), which recruits a ubiquitin protein ligase complex that targets HIF-1α for proteasomal degradation (11) (12) (13) (14) .
HIF-1 regulates the transcription of hundreds of genes in response to hypoxia (15, 16) , including the EPO (17) and VEGF (18) genes that encode proteins required for erythropoiesis and angiogenesis, respectively, which serve to increase O 2 delivery. In addition, HIF-1 controls a series of molecular mechanisms designed to maintain energy and redox homeostasis. First, HIF-1 coordinates a switch in the composition of cytochrome c oxidase (mitochondrial electrontransport chain complex IV) from COX4-1 to COX4-2 subunit utilization, which increases the efficiency of cytochrome c oxidase under hypoxic conditions (19) . Second, HIF-1 activates transcription of the PDK1 gene encoding a kinase that phosphorylates and inactivates pyruvate dehydrogenase, thereby shunting pyruvate away from the mitochondria by preventing its conversion to acetyl CoA (20, 21) . Third, HIF-1 activates transcription of genes encoding glucose transporters and glycolytic enzymes to increase flux from glucose to lactate (22) (23) (24) . Fourth, HIF-1 represses mitochondrial biogenesis and respiration (25) . Interference with the HIF-1-dependent regulation of mitochondrial respiration under conditions of prolonged hypoxia (> 24 h) leads to increased ROS levels and increased apoptosis (18, 20, 25) .
Mitochondria are replaced every 2-4 weeks in rat brain, heart, liver, and kidney (26). The destruction of mitochondria is believed to occur via the process of autophagy, in which parts of the cytoplasm, including organelles, are sequestered in double-membrane autophagic vacuoles or autophagosomes (27, 28) . In addition to providing a mechanism for disposing of damaged mitochondria, autophagy is also induced by environmental stress stimuli, such as nutrient deprivation (29, 30) . Autophagy is induced in hearts subjected to hypoxic or ischemic conditions and has been proposed by various investigators to play either a protective or pathogenic role in heart disease (30-33).
We hypothesized that induction of mitochondrial autophagy, in concert with inhibition of mitochondrial biogenesis (25) , represents a critical adaptive mechanism to maintain oxygen homeostasis under hypoxic conditions. To test this hypothesis, we performed experiments to establish conditions under which hypoxia was a sufficient stimulus to induce mitochondrial autophagy, to determine whether this response was HIF-1-dependent, and to investigate whether mitochondrial autophagy was specifically required for the maintenance of redox homeostasis and the survival of hypoxic cells.
EXPERIMENTAL PROCEDURES
Cell Culture-Wild type (WT) and H i f 1 a -/-knockout (KO) mouse embryo fibroblasts (MEFs) were immortalized by SV40 large T antigen and maintained in high glucose (4.5 mg/ml) DMEM (GIBCO/BRL) with 15% fetal bovine serum (FBS) (GIBCO/BRL), 2 mM sodium pyruvate (Sigma), nonessential amino acids (Sigma), and 1% penicillin-streptomycin (GIBCO/BRL) (34). Cells were maintained at 37°C in a 5% CO 2 , 95% air incubator (20% O 2 ). Hypoxic cells (1% O 2 ) were maintained in a modular incubator chamber flushed with a gas mixture containing 1% O 2, 5% CO 2 , and 94% N 2 at 37°C. For experiments involving hypoxia, all cells were maintained in culture media supplemented with 25 mM HEPES buffer.
Plasmids and Reagents-Mouse Beclin-1 cDNA was cloned into S a lI/BamHI sites of plasmid 3xFlag-CMV-7 (Sigma). Transfection into MEFs was performed using Lipofectamine Plus (Invitrogen) according to the manufacturer's instructions. MnTMPyP (Mn(III) tetrakis (1-methyl-4-pyridyl) porphyrin pentachloride) was purchased from Calbiochem Inc.
Mouse Strains-WT and Hif1a
+/-heterozygous-null (HET) mice were described previously (22) . Arnt flox/flox mice with conditional knockout of the Arnt gene encoding HIF-1β in endothelial cells were generated using the Cre-loxP system as described previously (35). (Table  S1) , were inserted into the mammalian expression vector pSR.retro.puro (OligoEngine, Seattle, WA). WT-sh80, WT-sh82, WT-shBeclin and KOshBeclin stable cell lines were established by retrovirus infection followed by selection and maintenance in puromycin (1.5 and 1.0 µg/ml for WT and KO, respectively). The lentiviral FURWBcl-2 vector or FURW empty vector (provided by L. Cheng and R. Siliciano) was cotransfected with plasmids encoding vesicular stomatitis virus G and HIV-1 gag/pol, tat, and rev proteins into 293T packaging cells using Fugene-6 (Roche Applied Science), and transduction was performed using the same procedure described above.
Mitochondrial DNA Copy Measurement-Total DNA was extracted from mouse tissues or MEFs. The amount of mitochondrial DNA relative to nuclear DNA was determined by quantitative realtime PCR using primers (Table S2) for N d 2 (NADH dehydrogenase subunit 2; mitochondrial genome) and Nme1 (nuclear genome). Relative Nd2 copy number was calculated based on the threshold cycle (Ct) as 2 -∆(∆Ct) , where ∆Ct = Ct Nd2 -Ct Nme1 and ∆(∆Ct) = ∆Ct sample -∆Ct control.
Immunoblot Analysis-Equal amounts of protein extracted from MEFs with RIPA buffer were fractionated by 10% SDS-PAGE. Anti-BNIP3 (Abcam Inc.), anti-FLAG (Sigma), anti-HIF-1α, anti-Bcl2, and anti-LC3 (Novus Biologicals Inc.) antibodies were used for immunoblot assays. Blots were stripped and re-probed with β-actin or tubulin antibody to confirm equal protein loading.
Quantitative Real-time Reverse Transcription PCR-Total RNA was isolated using Trizol reagent (Invitrogen) followed by DNase (Ambion) treatment according to the manufacturer's instructions. One microgram of total RNA was used for first-strand cDNA synthesis using iScript cDNA Synthesis system (BioRad). cDNA samples were diluted 1:10 and real-time PCR was performed using iQ SYBR Green Supermix and the iCycler Real-time PCR Detection System (BioRad). Primers for BNIP3 and Beclin-1 were designed using Beacon Designer software (Table  S2 ) and annealing temperature was optimized by gradient PCR. The fold change in expression of each target mRNA (BNIP3 or Beclin-1) relative to 18S rRNA was calculated based on the threshold cycle (Ct) as 2 -∆(∆Ct) , where ∆Ct = Ct target -Ct 18S and ∆(∆Ct) = ∆ Ct sample -∆Ct control.
Flow Cytometry-Mitochondrial mass, intracellular ROS levels, and endoplasmic reticulum mass were measured by staining cells with 10 nM nonyl acridine orange, 1 µM dichlorodihydrofluorescein diacetate, or 1 µM ER-tracker green dye (BODIPY® FL glibenclamide) (Molecular Probes), respectively, at 37°C for 15 min in 5% FBS/PBS solution, followed by washing with PBS. Stained cells were filtered and analyzed immediately with a FACScan flow cytometer (BD Bioscience). All gain and amplifier settings were held constant for the duration of the experiment. Apoptosis was measured by flow cytometry using the Annexin V-PE Apoptosis Detection Kit (BD Bioscience) according to the manufacturer's instructions. 
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RESULTS
We previously demonstrated that in VHLdeficient renal carcinoma cells, the constitutive activation of HIF-1 inhibits mitochondrial biogenesis by repressing C-MYC activity (25) . In the present study, we investigated whether HIF-1 regulates mitochondrial mass in an O 2 -dependent manner in non-transformed MEFs and in normal mouse tissues in vivo. MEFs that were WT or homozygous for a knockout allele (KO) at the locus encoding HIF-1α (34) were cultured in complete medium in the presence of 20% or 1% O 2 for 48 h and levels of mitochondrial DNA relative to nuclear DNA were determined by quantitative real-time PCR. Compared to WT MEFs, the levels of mitochondrial DNA were significantly increased in KO MEFs cultured at 20% O 2 ( Figure 1A ). Exposure of WT cells to 1% O 2 resulted in a 4-fold decrease in mitochondrial DNA levels. In contrast, the mitochondrial DNA levels in KO cells cultured at 20% and 1% O 2 were not significantly different. Staining with nonyl acridine orange (NAO), a metachromatic dye that binds to cardiolipin in mitochondria regardless of their energetic state or membrane potential, revealed that mitochondrial mass was increased in KO as compared to WT MEFs at 20% O 2 and was further decreased in WT, but not KO, MEFs in response to hypoxia ( Figure 1B ). O 2 consumption was significantly increased in KO as compared to WT MEFs cultured at 20% O 2 and hypoxia led to decreased O 2 consumption in WT, but not KO, MEFs ( Figure 1C ). The increased O 2 consumption by KO MEFs was associated with increased intracellular ATP levels ( Figure 1D ). The effects of hypoxia and HIF-1α deficiency on mitochondria were highly selective, as no changes in the mass of endoplasmic reticulum were detected by flow cytometry ( Figure 1E ). Stable transfection with an expression vector encoding a constitutively active form of HIF-1α (15) was sufficient to significantly reduce mitochondrial DNA levels in KO MEFs (cultured at 20% O 2 ), as compared to KO MEFs transfected with empty vector ( Figure 1F ). These studies demonstrate that prolonged exposure of MEFs to hypoxia results in a HIF-1-dependent reduction in mitochondrial mass and respiration.
To establish whether the tissue culture results were relevant to in vivo physiology, we analyzed lung tissue from normoxic littermate mice, which were WT or heterozygous (HET) for the HIF-1α knockout allele (22) . Partial deficiency of HIF-1α was sufficient to increase mitochondrial DNA levels in the lungs of mice maintained in room air ( Figure 1G ). Similar data were obtained by analysis of heart tissue from the same mice ( Figure S1 ). We also analyzed mice that were homozygous for a floxed allele at the HIF-1β locus and either carried a Tie2-Cre transgene (Cre + ), which inactivated both HIF-1β alleles (35) specifically in endothelial cells, or were nontransgenic (Cre -) and continued to express HIF-1β. Despite the fact that endothelial cells constitute no more than 50% of all cells in the lung, a significant increase in mitochondrial DNA levels was observed in the Cre + mice compared to their Cre -littermates ( Figure 1H ). These studies demonstrate that HIF-1 regulates mitochondrial mass under normal physiological conditions in vivo.
BNIP3 is a known HIF-1 target gene (36-38) that has been implicated in autophagy (33). Recent studies indicate that BH3-only proteins such as BNIP3 may induce autophagy by disrupting interactions between Beclin-1, a highly conserved protein that is required for the initiation of autophagy, and Bcl2 or Bcl-X L (39). Exposure of WT MEFs to 1% O 2 for 24 h dramatically induced the expression of BNIP3 mRNA as determined by quantitative real-time RT-PCR ( Figure 2A ). Very low levels of BNIP3 protein were detected by immunoblot assay of lysates prepared from WT MEFs that were cultured at 20% O 2 ( Figure 2B ), whereas hypoxia strongly induced expression of BNIP3 protein, which migrated as a 30-kDa monomer and 60-kDa dimer, as previously described (37 Figures 1  and 2 , we hypothesized that HIF-1-dependent BNIP3 expression influences mitochondrial mass under physiological conditions by determining the rate of mitochondrial autophagy. However, HIF-1 loss-of-function studies are not sufficient to address this issue, because HIF-1 has been shown to regulate mitochondrial biogenesis (25) and thus the observed reduction in mitochondria may result from decreased production rather than increased destruction of mitochondria. Since BNIP3 is involved in autophagy but not mitochondrial biogenesis, we analyzed the effect of knocking down BNIP3 expression by RNA interference using two different short hairpin RNAs, designated sh80 and sh82, which reduced BNIP3 mRNA ( Figure 3A ) and protein ( Figure 3B ) in WT MEFs to levels intermediate between those of WT and KO MEFs. Compared to WT MEFs stably transfected with empty vector, mitochondrial DNA levels ( Figure 3C ) and mitochondrial mass ( Figure  3D ) were significantly increased in WT MEFs transfected with expression vector encoding sh80 or sh82. As in the case of HIF-1α-deficient KO MEFs ( Figure 1B) , hypoxia did not induce a decrease in mitochondrial DNA levels or mitochondrial mass in WT MEFs with shRNAmediated BNIP3 knockdown ( Figures 3C and 3D) . O 2 consumption ( Figure 3E ) and ATP levels ( Figure 3F ) were increased in WT MEFs expressing sh80 or sh82, both at 20% and 1% O 2 . These data demonstrate that the reduction in mitochondrial DNA, mitochondrial mass, and cell respiration in response to hypoxia are dependent upon the expression of BNIP3.
We next analyzed the effect of stably transfecting KO MEFs with an expression vector encoding BNIP3. The resulting KO-BNIP3 subclone constitutively expressed BNIP3 protein at levels slightly less than those observed in WT MEFs cultured under hypoxic conditions ( Figure  4A ). Compared to KO MEFs stably transfected with empty vector (KO-EV), mitochondrial DNA levels ( Figure 4B ) and mitochondrial mass ( Figure  4C ) were constitutively reduced in KO-BNIP3 MEFs. O 2 consumption ( Figure 4D ) and ATP levels ( Figure 4E ) were also significantly decreased in KO-BNIP3 as compared to KO-EV MEFs. Thus, BNIP3 expression is sufficient to reduce mitochondrial mass and respiration.
If the observed differences in mitochondrial mass and metabolism between WT and KO MEFs were due to mitochondrial autophagy in WT cells that was lost in KO cells, then interference with expression of Beclin-1, a key regulator of autophagy, should eliminate these differences by eliminating autophagy in WT MEFs. Expression of Beclin-1 mRNA was not significantly different in parental (untransfected) WT and KO MEFs ( Figure S2 ). Beclin-1 mRNA levels were similarly reduced in WT and KO MEFs stably transfected with a vector encoding a short hairpin RNA targeting Beclin-1 (shBeclin) but were not significantly changed in WT and KO MEFs transfected with a vector encoding a scrambled negative control short hairpin RNA (SNC). Knockdown of Beclin-1 had no effect on the levels of BNIP3 mRNA ( Figure S3 ) or protein ( Figure S4 ). WT-shBeclin MEFs were similar to WT-sh82 and KO MEFs in manifesting increased mitochondrial DNA levels ( Figure 5A ) and mitochondrial mass ( Figure 5B), which did not decrease in response to hypoxia, as well as increased O 2 consumption ( Figure 5C ) and ATP levels ( Figure 5D ). Identical results were obtained using small interfering (si) RNA against Atg5, another key component of the autophagy machinery ( Figure 6 ). The requirement for Beclin-1 and Atg5 provides strong evidence that autophagy plays a critical role in the reduction in mitochondrial mass and respiration that is induced when WT MEFs are exposed to hypoxia.
To confirm the involvement of autophagy by additional independent assays, we analyzed LC3-I to LC3-II protein processing, which is a hallmark of autophagy. Levels of endogenous LC3-II were markedly increased in WT cells incubated at 1% O 2 as compared to 20% O 2 or compared to KO cells at 20% or 1% O 2 ( Figure  7A ). As another independent assay of autophagy, MEFs were transiently transfected with an expression vector encoding green fluorescent protein (GFP) or a GFP-LC3 fusion protein, which is concentrated in autophagic vacuoles, resulting in punctate fluorescence within cells undergoing autophagy. GFP was expressed homogeneously throughout WT MEFs regardless of the O 2 concentration ( Figure 7B ). In contrast, a proportion of WT MEFs expressing GFP-LC3 manifested punctate fluorescence when cultured at 20% O 2 and the percentage of such cells increased significantly in response to hypoxia (Figure 7B-C). Compared to WT-EV MEFs, the percentage of WT-sh82 cells (with BNIP3 knockdown) that manifested punctate fluorescence was significantly decreased at both 20% and 1% O 2 ( Figure 7C ). Remarkably, KO-EV cells, which lack BNIP3 expression, showed no punctate fluorescence of GFP-LC3 regardless of the O 2 concentration.
Forced expression of BNIP3 in KO MEFs resulted in the appearance of cells with punctate fluorescence but the percentage of such cells did not increase in response to hypoxia ( Figure 7D ). Compared to WT-SNC MEFs, WT-shBeclin cells (with Beclin1 knockdown) manifested significantly decreased punctate fluorescence, especially at 1% O 2 ( Figure 7E ). Similar results were observed for WT MEFs transfected with siRNA against Atg5 ( Figure 7F ). The striking concordance of the LC3 data in Figure 7 with the data presented in Figures 1-6 establish that Figure S5 ) increased mitochondrial DNA levels ( Figure 8B ) and inhibited autophagy ( Figure 8C ) in WT MEFs, especially under hypoxic conditions. Exposure of Bcl2-overexpressing cells to hypoxia resulted in increased BNIP3 interaction and decreased Beclin-1 interaction with Bcl2 in WT, but not in KO, MEFs as determined by coimmunoprecipitation assays ( Figure S6 ). These results support the conclusion that hypoxiainduced BNIP3 competes with Beclin-1 for binding to Bcl2 and thereby increases the levels of free Beclin-1, which trigger autophagy.
The functional significance of autophagy has been poorly understood, primarily because many of the studies have not been performed in an appropriate physiological context. We hypothesized that hypoxia-induced mitochondrial autophagy promoted cell survival under hypoxic conditions. Hypoxia-induced cell death was significantly increased in KO as compared to WT MEFs ( Figure 9A ). In contrast, BNIP3 overexpression reduced hypoxia-induced KO cell death ( Figure 9B ). Beclin-1 or BNIP3 ( Figure 9C ) or Atg5 ( Figure 9D ) knockdown increased hypoxia-induced cell death in WT MEFs. In contrast to BNIP3, overexpression of Bcl2 did not prevent hypoxia-induced cell death in KO MEFs ( Figure 9E ). Analysis of Annexin V + /7-AAD -cells by flow cytometry demonstrated that apoptosis, which was more severe in KO than in WT MEFs, contributed to hypoxia-induced cell death ( Figure  9F) .
To investigate the role of ROS in hypoxiainduced cell death, MEFs were incubated with the non-fluorescent compound dichlorodihydrofluorescein diacetate, which in the presence of ROS is oxidized to the highly fluorescent dichlorofluorescein (DCF). Flow cytometry was performed to quantify the DCF signal. Exposure of KO MEFs to 1% O 2 for 48 h resulted in a marked increase in ROS levels, in contrast to WT MEFs, in which ROS levels decreased in response to hypoxia ( Figure 10A ). Forced expression of BNIP3 in KO MEFs reduced ROS levels ( Figure  10B ). Although ROS levels were decreased in KO-BNIP3 compared to KO-EV MEFs, prolonged hypoxia resulted in increased ROS levels in BNIP3-KO MEFs, whereas in WT MEFs, ROS levels decreased under conditions of chronic hypoxia. These findings are consistent with the absence in BNIP3-KO MEFs of other adaptive responses to hypoxia that occur in WT cells, such as COX4 subunit switching (19) and PDK1 expression (20) . Loss of function for BNIP3 ( Figure 10C ), Beclin-1 ( Figure 10D ), or Atg5 ( Figure 10E ) was associated with increased ROS levels, as was increased Bcl2 expression ( Figure  10F ).
To determine whether increased ROS levels contributed to cell death, MEFs were subjected to hypoxia in the presence or absence of the free radical scavenger MnTMPyP. Treatment with MnTMPyP had no effect on WT MEFs but markedly reduced ROS levels ( Figure 11A ) and cell death ( Figure 11B ) in hypoxic KO MEFs.
DISCUSSION
Our recent studies have demonstrated that HIF-1 plays an essential role by maintaining an optimal balance between the competing demands of energy and redox homeostasis over the physiological range of O 2 concentrations (19, 20, 25) . Whereas consideration of cellular energetics favors oxidative metabolism as the most efficient means of producing adequate levels of ATP to maintain cell survival, mitochondrial respiration is also associated with increased ROS generation, which if unchecked can cause cell death.
Acute exposure of cells to hypoxia results in an acute increase in ROS generation by by guest on October 5, 2017 http://www.jbc.org/ Downloaded from complex III of the mitochondrial electron transport chain (9, 10). Reduced O 2 availability and increased ROS levels inhibit the activity of the prolyl hydroxylases that target HIF-1α for ubiquitination and proteasomal degradation (5-7, 10). We have identified three HIF-1-dependent molecular mechanisms by which cells adapt their energy metabolism to hypoxic conditions: COX4 subunit switching (19) , inhibition of acetyl CoA synthesis by activation of P D K 1 (20) , and inhibition of mitochondrial biogenesis by repression of C-MYC activity (25) . In each of these studies, failure to properly regulate mitochondrial metabolism in response to hypoxia was associated with increased ROS levels and increased cell death.
The present study demonstrates that mitochondrial autophagy is a fourth component of the HIF-1-mediated metabolic adaptation that is required to prevent increased ROS levels and cell death in hypoxic MEFs. Our studies have demonstrated that WT MEFs exposed to 20% O 2 consume only half as much O 2 as KO MEFs. The reduction of the ambient O 2 concentration from 20% to 1% does not significantly impair O 2 consumption and ATP production by KO MEFs (Figure 1C-D) or MEFs with knockdown of BNIP3 ( Figure 3E-F) , Beclin-1 ( Figure 5C-D) , or Atg5 ( Figure 6C-D) . In striking contrast to conventional wisdom, we conclude that O 2 consumption is not passively reduced in hypoxic WT MEFs because of substrate limitation, but instead is actively reduced because under hypoxic conditions the utilization of O 2 for respiration is inefficient and, if unchecked, as in KO, WT-sh82, WT-shBeclin, or WT-siAtg5 MEFs, will lead to elevated levels of ROS and cell death. Thus, mitochondrial autophagy through BNIP3 activation --like COX4 subunit switching, PDK1 induction, and C-MYC repression --represents a HIF-1-mediated adaptive response that enables cells to survive prolonged hypoxia ( Figure 11C ).
Consistent with recent reports (39-41), our studies indicate that hypoxia selectively induces autophagy of mitochondria but not endoplasmic reticulum and that HIF-1-mediated expression of BNIP3 plays an important role in the induction of hypoxia-induced mitochondrial autophagy by disrupting the interaction of Beclin-1 with Bcl2. Although Beclin-1 was clearly required for hypoxia-induced autophagy in MEFs, there was no evidence for regulation of Beclin-1 by HIF-1, in contrast to a recent report that silencing of HIF-1 in cultured chondrocytes was associated with reduced Beclin-1 levels (42). The demonstration that loss of function of a key component of the autophagy machinery (Beclin-1 or Atg5) phenocopies the loss of hypoxic adaptation that is associated with HIF-1α or BNIP3 loss of function provides compelling evidence for the role of autophagy in MEF survival under conditions of prolonged hypoxia.
It should be noted that studies of GFP-LC3 fluorescence suggested ongoing autophagy in WT MEFs at 20% O 2 . BNIP3 was not expressed in WT MEFs at 20% O 2 , suggesting that another BH3-only protein may be responsible. Since GFP-LC3 analysis showed no evidence of autophagy in KO MEFs, expression of the protein responsible for autophagy at 20% O 2 must also be HIF-1 dependent. Among the other known BH3-domainonly proteins, HIF-1 has been shown to regulate the expression of BNIP3L/NIX (37, 15), HGTD-P (43), and NOXA (44). Studies of these proteins in cancer cells had previously linked them to hypoxia-induced cell death. Thus, further studies are required to investigate the potential role of these proteins in HIF-1-dependent autophagy.
While this manuscript was in preparation, the retinoblastoma protein was reported to antagonize HIF-1-mediated transactivation of the Bnip3 promoter (45). BNIP3 was required for autophagy induced by serum and O 2 deprivation or by treatment with iron chelators or other inhibitors of prolyl hydroxylases. However, the role of HIF-1 in this process was not investigated and autophagy was viewed as an intermediate step in the process of non-apoptotic cell death. In contrast, our data indicate that autophagy is an adaptive response, with cell death representing the outcome of failed adaptation.
In the present study, we have provided experimental evidence supporting the conclusion that HIF-1-mediated alterations in mitochondrial metabolism are critical to understanding the mechanisms and consequences of hypoxia-induced autophagy. Our analyses of MEFs demonstrate that mitochondrial autophagy is an adaptive metabolic response that promotes the survival of cells under conditions of prolonged hypoxia ( Figure 11C ). This process requires the HIF-1-dependent induction of BNIP3 and the autophagy machinery as demonstrated by Beclin-1 and Atg5 loss-of-function studies and the assessment of GFP-LC3 protein subcellular localization. Furthermore, we demonstrate that HIF-1 regulates mitochondrial mass under normal physiological conditions, as even partial deficiency of HIF-1α had a profound effect on BNIP3 expression and by guest on October 5, 2017 http://www.jbc.org/ Downloaded from mitochondrial mass in the lungs of mice exposed to room air.
These results are consistent with the view of mitochondrial autophagy as an important component of the toolkit utilized by HIF-1 to maintain O 2 homeostasis. Taken together with other recent studies (19, 20, 25) , these data reinforce the conclusion that O 2 , energy, and redox homeostasis are inextricably linked and that the maintenance of an optimal balance between their competing interests is essential to cell survival. Understanding the factors that determine which of these adaptive metabolic responses to hypoxia are utilized by any given cell in vivo and whether these adaptations are successful in preventing cell death remains a formidable challenge for future studies.
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